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heating rate, during annealing to 1050
• C was simulated in a Au-image furnace. The post annealing structure was then characterized and two different morphologies of B2 particles were observed: triangle-like with a few micrometres and disk-like precipitates with a diameter of around a few hundred nanometres. It was found that a slower heating rate (2.5 • C/s) led to an increase in the volume fraction and to uniform distribution of particles within the microstructure and considerably affected the shape and size of the precipitates.
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Lightweight steels with excellent combinations of specific strength and ductility have attracted considerable attention recently [1, 2, 3, 4] . Lightweight steels are often heavily alloyed leading to a usually complex microstructure, consisting of multiple phases and ordered intermetallic compounds. Duplex low density steels (Al 7-10 wt.%, Mn 5-15 wt.%, C 0.4-0.9 wt.%) can usually provide better combination of strength and 5 ductility in comparison with ferritic or austenitic steels [1, 2, 3, 4] but it is critical to $ Fully documented templates are available in the elsarticle package on CTAN. $ Corresponding author: Alireza Rahnama, Email address: a.rahnama@warwick.ac.uk control the various ordered phases which are formed depending on the processing conditions and composition to achieve the required strength. This includes the L1 2 -type κ phase, the CsCl-type B2 phase, and the F m3m -type DO 3 phase [1, 2, 3, 5, 6, 7, 8] .
Recently, Kim et. al. [9] showed that hard intermetallic compounds can be effectively 10 used as a strengthening second phase in high Al low density steel, while reducing its harmful effect on ductility by controlling its morphology and dispersion. In such a microstructure, B2 particles are responsible for the high work hardening rate due to their non-shearable nature [10] , while the austenite phase provides the favourable ductility.
In this way, a microstructure was designed which has a combination of specific strength 15 and ductility. However, there was no information provided by the authors on the thermal cycle that was employed in this study to form such a uniform microstructure. From a practical point of view, the ability to control the size, volume fraction, morphology and uniform distribution of B2-type intermetallic is the key to understand the mechanical properties of this type of lightweight steels. In order to control these factors, it 20 is critical to design a thermal profile to precipitate and preserve the nano-sized intermetallic precipitates that are crucial for the strength. It was, therefore, the objective of the current work to study the influence of heating rate, during annealing to 1050 • C, on the size, volume fraction, morphology and dispersion of B2-type intermetallic in a duplex low density steel. Ni-51.3 Fe (wt%). The measured Al and Ni contents of B2 was higher compared with that reported by Kim et al. [9] as the annealing temperature employed in this study was higher. The microstructure of the sample heat treated at 5 • C/s is shown in Fig.1a3 .
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The number of B2 γ precipitates within the γ grains decreased in comparison to the sample heated at 2.5 • C/s. However, the number of grain boundary (GB) precipitates at the γ − γ boundaries remained unchanged. For sample heat treated at 7.5 • C/s, precipitates were absent in the grain interior and only precipitated at γ−γ grain boundaries as shown in Fig.1a4 . As is evident from Fig.1a2-4 , the most uniform microstructure of 60 B2 particles was achieved by heating rate of 2.5
The volume fraction of BCC structure (red phase, V (α+B2γ ) ) as well as that of disklike B2 α particles (V B2α ) were found to decrease with increasing heating rate due to reduced ordering time available for the formation of the B2 structure. Moreover, the length and width of the elongated BCC structure decreased with heating rate (Table. B2 particles precipitated in α was not reported in the Ref. [9] . For the sample heat treated at 2.5 • C/s, disk-like B2-type particles were formed and uniformly distributed within the α phase (Fig. 1c) . The uniform distribution of particles was not observed under TEM for the samples heat treated at 5 • C/s and 7.5 • C/s. The EBSD maps of (a1) as-quenched sample, and the samples heat treated at (a2) 2.5 • C/s, (a3) 5 • C/s and (a4) 7.5 • C/s (in all EBSD maps, the red phase corresponds to BCC structure while the blue phase is FCC structure.) (b) Triangle-like B2 precipitate in γ and (c) disk-like B2 particles in the α phase. Both (b) and (c) were taken from the sample annealed with a heating rate of 2.5. region. Marcinkowski and Leamy [12] reported that the nucleation energy of superdislocation loops in the DO 3 superlattice is higher than that in B2 superlattice. This leads to the higher stress for superdislocation generation in the former, leading to the 100 higher YS. DO 3 strengthening is, thus, believed to be reason for the higher strength of the α phase of IES in comparison with that of the as-quenched sample. However, the measured hardness value of the α phase of IES was remarkably less than that for the sample heat treated at 5 • C/s and in particular for the sample heat treated at rate resulted in a decrease in the volume fraction of B2 γ and B2 α particles as well as in the length and width of the elongated BCC α phase in Fe-0.8C-15Mn-10Al-5Ni. It was also found that the B2 intermetallics form a harder structure than DO 3 in the presence of Ni owing to the strong Ni-Al bonds. 
